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Start Up of a Nb-1%Zr Potassium Heat Pipe

From the Frozen State

David E. Glass
Analytical Services & Materials, Inc., Hampton, VA

Michael A. Merrigan and J. Tom Sena
Los Alamos National Laboratory, Los Alamos, NM

Abstract

The start up of a liquid-metal heat pifiom the frozen statewas evaluated
experimentallywith a Nb-1%Zrheat pipewith potassium athe working fluid. The heat
pipe was fabricated and tested bbs Alamos Nationalaboratory. RF inductioheating
was used tdeat 13 cm of thé-m-longheatpipe. The heat pipand test conditions are
well characterized so that the test data mayubed for comparison witthumerical
analyses. An attempt wasadeduring steadystatetests tocalibrate the heat input gbat
the heat inputvould be known duringhe transientases.The heat pipevas heated to
675°C with a throughput of 600 W and an inpeatflux of 6 W/cnf. Steady stateests,
start up from the frozen state, and transient variations from steady state were conducted.

Nomenclature

English

L length

m mass flow rate

PS power setting

r radius

q heat flux

q” heat flux per unit area
T temperature

Y% voltage

Vv volume

X axial location on heat pipe
Greek

€ porosity

p resistivity

Subscripts

e evaporator

endcap end cap on heat pipe
f final

plug plug in heat pipe



Introduction

Since the working fluid in a liquid-metal heat pipefrigzen at room temperature, the
start up is an important consideration in any application of liquid-nfetat pipes.
However, experimentalatafor the transient start up of liquid-metal hegbes is limited.
Merrigan, et. al, [1-2] studiethe start-up andshut-downperformance of a molybdenum-
lithium heat pipe at temperatures600K. It wasindicated that liquid depletion in the
evaporator region could occur durieut-downand prevent the restart of tiheatpipe.
The radialpower density irnthe condenser anthe relative radiabower density in the
evaporator and condenser are important considerations in the restheabpi@e. Wojcik
and Clark [3] designed, analyzed, and tested sewarbium-lithium heafpipes andested
a niobium alloy(C-103) “D-shaped” heat pipe in an oxidizirmosphere.The heat pipe
was coated with a silicide coating awds heatedwith a gas welding torchCamarda [4]
tested a wing-leading-edge segment cooled with Hastelloy X-sdukatpipes. The heat
pipes operated properly and no start up or otimeiting conditions developed during
testing. Large temperature gradients were observed during thegstarich could result
in large thermal stresses. Several “D-shaped” Mo-Re heat pipes with lithium wodkihg
have been fabricated and testedddgiss, et al. [5]. They presenlimited steady state and
start-up data for a 30-in-long heat pipe.

The present papgoresentsexperimental data obtained Bbs Alamos National
Laboratory (LANL)for the start up of &b-1%Zr heat pipewith potassium (K) as the
working fluid. The heat pipe was fabricated by LANL for heat flux limit tests and had been
tested several timgsrior to the currenttests. Radial heatfluxes of 147W/cn? were
obtained during the prior tests with this heat pipe at a vi@pgperature 0925K [6]. The
heat flux value was approximately five times greater than tipeeviously accepted
experimentally obtainedesignlimit for potassiumheat pipes. The heat pipehad an
annular geometry andas initially chargedwith lithium. Pre-testing withHithium was
performed to improve the wetting characteristics of the heat-pipe walkkr and thus
reduce to a minimum the largesttive nucleation siteadius. Ananalytical model for
predicting boiling limitswas alsodetermined fronprevious testing onhe heat pipe at
LANL [7]. A nucleation siteadius of 3um appeared to correlateery well with the
experimental data.

In the currentstudy, several different types of start-up transients were evaluated.
These included start up from the frozen state as well as perturbationsheftfiex while
at steady state conditions. Steady state tests were also conducted to Hesisstimation
of the applied heat flux during transient conditions.

Heat-Pipe Description

The heat pipaised for thisexperimentwas fabricated from a 1-m-long segment of
Nb-1%Zr tubing drawn down to a 0.775-cm-outside radius and a 0.127-cm wall thickness.
The wick wasfabricated from a singlpiece of100-mesh plain, square-weave Nb-1%Zr
screen. Three layers of the screemere wrapped around a 0.559-cm radmandrel as
shown in Figure 1. The mandrel and screen were then inserted in a tube with a 0.7938-cm-
outside radius and a 0.089-amall thickness. The outer tubavasthendrawn down to a
0.6895-cm-outer radius, thus compresdimg screemwick. Inthecompressed state, the

wick was 0.038-cm thick with an experimentally determined pore diameter of 13m10
The screen was further treated by vacuum firing to remove volatile contaminants.
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Figure 1. Schematic diagram ahandrel, screewick, and outer tub&ised to compress
the screen wick.

The compressed screen, with amer radius 0f0.559 cmand an outer radius of
0.597 cm, was then inserted into the heat-pipe container, with an inner radiggd®fcm,
as shown in Figure 2. This resulted in forming a 0.051-cm anbelwseen the container
and the tubulawick. The0.051-cm annulus served agath for fluid return from the
condenser tdhe evaporatoduring operation. A Nb-1%Zr plug was usedctose the
screen wick athe evaporatoend. This plug closure was necessary to ensbat the
longitudinal pumpingcapability was established by the effectiygore size ofthe screen
wick rather than by the annular gtpckness. The plug added a significathermalmass
to the heat pipe and thus effected the start-up characteristics of tipgpeeathe length of
the plug was1.27 cm. The diameter of thelug wasequal to the insideliameter of the
screen wick, and was thus 0.559 cm. Thus, the volume of the plug was

Vpiug =T Lpjyg =1(0.559 cm § x 1.27 cm = 1.25 cfn

In addition to the plug in the screen, there is an end cap inetiipipe. The length of the
end cap is estimated to be 0.64 cm. The volume of the end cap was thus

Vend cap™ T2 Lend cap= T (0.648 cmj (0.64 cm) = 0.84 cfh

The total additional volume of Nb-1%?Zr at the evaporator end of the heat pipe was thus
V =Vpiug + Vend ca= 1.25 cnd + 0.84 cnd = 2.09 cnd

The wire diameter of the screen was measured @06 cm. The porosity of the

uncompressed wick can be calculated by dividing the void volume hipttiesolume in a
unit cell of 1-cn? area and one layer of screen thidkith a measured screen thickness of



0.0203 cm, awire diameter 0f0.0076 cm,and 39.37 wires/cm (100 mesh screen) the
screen volume was

[1 cm x 39.37 wires x 2] x (0.0076 c&y 11/ 4 = 0.0036 crh
The total volume in a unit cell was
1cmx1cmx0.0203 cm = 0.0203&m

The porosity of the uncompressed screen was thus

3
e=1.- 0.0036cm3 _ 0.823
0.0203cm

Annular gap \

0.775cm

0.127 cm
0.051cm
0.038cm

Screen wick

Figure 2: Schematic diagram of actual heat pipe showing annular gap and screen wick.

Test Setup

A vacuum chamber wassed forthe heat-pipagesting. A10-cm long rf induction
coil was used folheating theevaporator. The heat pipavas instrumented with sixteen
thermocouples spot welded to the surface of the heat pipe for temperahitering. The
condenser portion dhe heat pipavas covered by a singlpasswater calorimeter. The
heat-pipe throughpuwas determined by measuring the change in water temperature and
flow through the calorimeter. A schematic of the test setup, showing the vacuum chamber,
heat pipe, calorimeter, and induction heating coils is shown in Figure 3.
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Figure 3: Schematic drawing of the vacuum chamber, ipat and calorimeterused for
the heat-pipe tests.

The heat pipe was 1-m long and was heated over a 10-cm length 3 cm from the end of
the heat pipe, as shown in Figure 4. The induction coils fabreeated out 00.635-cm-
diametercopper tubing and had an inrttameter of2.8 cm. Fourteen coils wereised
overthe 10-cm-evaporatdength. A 100 kWgenerator with 800 kHzratingwas used

for the power supply.

e S

3cm 10cm 87 cm

Figure 4. Schematic drawing of the heat pipe and the induction heating coils.

Sixteen thermocouples weptaced on the heat pi@ed were equally spaced in the
87-cm long condenseegion. The first thermocouplewas located at the edge of the
induction coils, x = 13 cm. The thermocouple spacingas 5.8 cm,with the final
thermocouple (TC #16) located at the end of the 1-m-long heat pipe.

Discussion and Results

Before the heat pipe was performance tested, it was “wet-in” in a horipasiabn.
The “wet-in” procedure consisted of heating the entire heat pipe at 530-6@050 hours
and helped ensure the working fluid was uniformly distributed within the heat pipe.

A slow start-up test was conducted to verify heat-pipe operation. Heat was applied to
the heat pipe at a slow rate until the heat pipsisothermal at 60@. The heat pipe was
operated with calorimetry to determine the heat-flipeughput. Therewas noindication
of gascontamination or abnormal operation of the heat pipe after stabilization &.600



This testwas followed with asteady-state test designeddetermine heat inputux at
corresponding power settings. This vemsomplished by increasing the inmawer to a
known powersetting and allowing théeat pipe to reackteady state and recording the
power throughput.The process wasepeated and the final testas conducted with the
heat-pipe temperature of 65and a throughput &§00 W. The temperaturdistributions
for each ofthe testsareshown in Figure 5 for powesettings(PS) from 2.56 to 0. Ata
power setting of 0, heatvasapplied to the hegtipe. However, agan beseen in the
figure, the heat pipe was not isothermal and was thus not operating as a heat pipe.

200 - PS =256
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Figure 5. Steady state temperature distributions corresponding to tests listed in Table 1.

The throughput and steady state temperatures for each wfstseshown in Figure 5
are listed in Table 1. Since at a PS = 0 the heatvpgsanot isothermal, ndemperature is
given in the table. For all except two of the tests, the water flow rate was approximately 50
g/sec. At a power setting of PS = 2.2, tests were run withrées 0f50.6 g/sec and 96
g/sec, with bothresulting in the same steady stadenperatures, but slightly different
throughputs. Thus, only one plot for the steady s@ateerature at PS 22 is shown in
Figure 5. The throughput of the heat pipe was calculated from

g=m v 1041

where the throughput q is in Watts, isithe coolant mass flovate ingrams/sec, and v is
the voltage from the calorimeter in mV.

During steady stateests,the heat input to the heat pipe can be determireed an
energy balance using the throughput. However, during transientsl| tieg¢ heainto the
heat pipe leaves the heat pipe. Thus an attempt was made to calibpaeeheettings so
that the heat flux could be estimated during the transients based on thesettings. The



steady state throughput was curve fit with a fourth order polynomial to estimate the input to
the heat pipe at various power settings. The curve fit is given by

q = -5058.2 + 1.0758x#(PS - 8560.2 PS5+ 3046.3 P§- 393.28 P$ (1)

The heat input rate to the heat pipe was then determined by dividitaaktaroughput by
the heat-pipe surface area under the evaporator coils. With an evaporator lengthdm

and an outer radius of r = 0.775 cm, the heat flux was determined from

o_ G
_ 2
q oL 2)

Table 1: Throughput and Steady State Temperatures of Heat Pipe as Shown in Figure 5

Power Setting Volts, mV mg/sec Throughput, W Temp,°C
0.0 0.176 50.5 92.52 -
1.5 0.213 50.0 110.87 365
1.55 0.233 50.0 121.28 380
1.65 0.294 50 153.03 420
1.75 0.368 50 191.54 455
1.85 0.452 50 235.27 490
1.95 0.516 50 268.58 520
2.05 0.611 50 318.03 550
2.1 0.652 50 339.37 565
2.2 0.758 50.6 399.27 590
2.2 0.41 96 409.74 590
2.3 0.47 96 469.70 615
2.46 1.027 50.6 540.97 655
2.56 1.142 50.6 601.54 675

As mentionedpreviously,the heat pipavas heatedwith induction heating. Though
induction heating is an excellent method to apply heat to gipas, it doesnter some
uncertainty into the hedlux estimates during transiesbnditions. During the transient
tests, the power setting (potentiometenvas changed insteps. The control system,
however, controlshe high voltageavailable to the oscillator tube rather than the output
power. [8] With aconstant value of higholtage,there is a complex interaction between
the load resistance (proportional to piesistivity), the tuned tank oscillatingurrent, and
the pipepower deposition. When rf power is applied withthe heat pipe at ambient
temperature, th@ower input to the heat pipe is the appropriate vélethe Nb-1%Zr
ambient-temperature resistivity. As the temperature and resistivity of the heaispiptne
input power correspondingly rises. Thus, when powsupplied tothe system with the
potentiometepower setting atl.6, the heatflux does not instantaneousjymp to 2.89
Wi/cn, but rather rises tthat value as &unction of the resistivitfand thusemperature)
of the heatpipe. An estimate ofhow the heatflux rises as a function ofeat-pipe
temperature can be obtained [8]. The resistivity of niobium is a function of temperature and
is given by

p=13.3+0.0412T (3)

wherep is the resistivity iruQ-cm and T is the niobium temperature’@. The equation
used to calculate the heat-pipe transient power input, q”, is



qa"=q" - [(p; - p) Aq"/Ap] (4)

where g is the final power input witthe heat pipe at the fine#mperature. The gradient
value Aq"/Ap can be obtained from the polynomial curve fit

AQ’/Dp = -0.00754 - 0.0367 PS + 0.0396FPS (5)

where PS isthe power setting on the potentiometer. The maxim@mor for the
polynomial curve fit is 10%.

Following the steady-state tests, a series of transient tests were condilwedata
acquired from the steady state tests were used to estimate the heat flux corresponding to the
power settings used durinpe transientdest. Table 2 lists the power settings and
corresponding throughput and heat flux over the range daé#te. The throughput values
are estimated from Eq. (2) and do not attempt the transient correction in Eq. (4).

Table 2: Steady State Throughput and Heat Input to Heat Pipe Calculated From Equation

Power Setting Throughput, (W) Input (W/cn?)
0.0 92.52 1.90
1.5 108.63 2.23
1.6 140.73 2.89
1.7 173.18 3.56
1.8 208.68 4.29
1.9 248.99 5.11
2.0 294.92 6.06
2.1 346.35 7.11

The transientests were conducted by varyitige amount and theate of heat input
during start up as well as perturbing tieatflux slightly at steady stateThe steadystate
heat input estimated from Eq. (2) is given in Table 3 for each test as a function of time. An
effort was made to keep the test timeslagrt asreasonable (minutes insteadhafurs) to
facility the use of the data to validate numerivaldels. Tests 1-dll consisted of start up
from the frozen state. In each catbes heat pipevasinitially at room temperature, and at
time equal 0, the heat flux was increased to the value given ratile 3. Test kteps up
to the maximum hedtux over several increments, while Test 2 consistednaintaining
the same hedtux throughoutthe entiretest. Test 3 consisted of a large number of
incrementalincreases in théneat flux occurring more rapidly than in Test 1. Test 4
consisted of a step up and then a stewn inthe applied hedlux. The final testwas a
transient test where the heat pipe was initially at a temperature°@ ath an applied heat
flux of 7.11 W/cmi. Theheatflux wasthen decreased and increased several times before
finally being turned off.

The first transient test was a start up from the frozen gtatmdically increasing the
applied heat flux from 2.89 W/cno 6.06 W/cmh The times antheatfluxes are given in
Table 3. After 1500 sec., the power was turned offthacheat pipavas allowed to cool
to room temperature. the power setting were turned back to 0 instead of cutting the
power off, the heatflux would have beenl.9 Wicn¥ after 1500 sec. The start-up
temperatures for Test 1 asbown in Figure 6 fothe even numbered thermocouples (TC
#2 through TC #16).The heat pipe reaches isotherroahditions through TC #10 (x =
0.652 m) prior to being shut down at 1500 sec. As se&s in Figure 5, even at steady
state conditions, the heat pipe was isothermal only through TC #12 (x = 0.768 m).



Table 3: Estimated Applied Heat Flux as a Function of Time for Each Test

Time, sec. Power Setting Input (W/cn¥®)
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Unlike Test 1, Test 2 maintained a constagatflux of 2.89 W/cn? during the test.
The transient temperatures ateown in Figure 7 fothe even numbered thermocouples
(TC #2 through TG#16). The heat pipe is nearly isotherntbfough TC #10but some
temperature variation can be seen in TC #2 throug#T@ Thermocouples #12 through
16 do not reach the isothermal operating temperature at any time during the tests.

Test 3 had the largest number of discrete increases iflineagis shown inrable 3.
The temperature as a function of time for each of the 16 thermocoupleswa in Figure
8. At 1200 sec.the heafflux wasincreased fron6.06 W/cn¥ to 6.57 W/crd  Shortly
after the increase, a hot spot appeared in the evaporator regionattanapt toreduce the
unknowns withthe data,data isonly presented ithe figureprior to formation ofthe hot
spot. Prior to the hot spot, TC #1 through TC #11 were all isothermal.
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Figure 6. Temperature distributions for heat pipe start up from the frozen state (Test 1).
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Figure 7. Temperature distributions for heat pipe start up from the frozen state (Test 2).
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Figure 8: Temperature distributions for heat pipe start up from the frozen state (Test 3).
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Figure 9: Temperature distributions for heat pipe start up from the frozen state (Test 4).
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Figure 10: Temperature distributions for the heat pipe during transient testing.

In Test 4, the heat flux started out at 3.56 W/owasincreased t®.06 W/cni, and
then was decreased back to 3.56 W/before being turnedff. Thermocouple #1 is not
included withthe transientlata, shown in Figure &ince itwas not operatingproperly.
Prior to increasinghe heafflux to 6.06 W/cm, the heat pipsvasisothermal through TC
#11. Even after the hedlux wasincreased t®.06 W/cni, TC #12 does noteach the
isothermal temperature of the rest of the heat pipe.

One test is presented where the heat pipe was operating at steady state initially and the

heat flux was then increased and decreased several times, as shown in Figithe héat
pipe wasinitially operating at asteady state temperature of 865(from Table 1)with a
power setting of 2.1 (q” = 7.11 W/cm). Thermocouple#12 was nearly the same
temperature as the isothermal portion of the heat pipe for t < (s the hedtux was
dropped at t = (Gsec., the temperature at T&12 rapidly dropped belowhat of the
isothermal portion of the heat pipe. Since the heatWlagnot increased back to tfiell
Wi/cn? value, TC #1hever reached the heat-pipe operating temperaturieg thistest.
Thermocouple #1 through TC #11 remained isothermal throughout the test.

Concluding Remarks

A Nb-1%Zr heat pipewith potassium athe working fluid wastested under steady
state, transient, and start-up conditiofi$ie heat pipavas heatedwith inductionheating
up to a temperature of 675 and a throughput of 600 WThe heat pip@and the test are
well characterized so that the data mayubed for comparison with analysighe largest
unknown in the test was the applied heat flux during the transient conditions.
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